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We show that introducing subnucleon scale fluctuations constrained by HERA diffractive J/Ψ
production data significantly affects the incoherent diffractive J/Ψ production cross section in ul-
traperipheral heavy ion collisions. We find that the inclusion of the additional fluctuations increases
the ratio of the incoherent to the coherent cross section approximately by a factor of 2, and modi-
fies the transverse momentum spectra of the produced J/Ψ at momenta larger than the scale that
corresponds to the distance scale of the subnucleonic fluctuations. We present predictions for J/Ψ
production in ultraperipheral heavy ion collisions at
√
sNN = 5.02 TeV at the LHC and 200 GeV at
RHIC.
PACS numbers: 13.60.-r,24.85.+p, 25.20.-x
I. INTRODUCTION
Deep inelastic scattering (DIS) is a clean process to
study the internal structure of hadrons via interaction
with (virtual) photons. The most precise data to date
on the partonic structure of the proton comes from the
DIS experiments performed at the HERA e± + p col-
lider [1, 2]. These measurements have shown that the
gluonic density of the proton grows rapidly when the
momentum fraction x of the gluons decreases. Nonlinear
QCD phenomena must limit this growth at very small x
in order to avoid violating unitarity. These nonlinearities
are most conveniently described within the Color Glass
Condensate (CGC) effective theory of QCD [3, 4], which
defines the framework we use in this work.
The gluon density scales as A1/3, which amplifies non-
linear effects in heavy nuclei with large mass number
A. However, currently there is no nuclear DIS data
at small x available. The proposed Electron Ion Col-
lider (EIC) [5, 6] and Large Hadron Electron Col-
lider (LHeC) [7] are designed to explore this region of
large gluon densities. Before these machines are real-
ized, one possibility to study deep inelastic scattering
on nuclei is given by ultraperipheral heavy ion collisions,
where a large impact parameter suppresses the relatively
short range strong interactions. Instead, scattering pro-
cesses involve a photon, emitted by one of the electrically
charged nuclei, scattering off the other nucleus. First
results from the LHC on diffractive vector meson pro-
duction in ultraperipheral collisions have demonstrated
the sensitivity of this process on nuclear effects at small
x [8–10]. Recently, ultraperipheral proton-nucleus colli-
sions, where the large electric charge of the nucleus causes
the photon-proton scattering to dominate, have also been
used to study deep inelastic scattering off a proton at en-
ergies much higher than were available at HERA [11, 12].
Diffractive scattering, where a system of particles or
just a single particle is produced without exchanging a
net color charge with the target, is a powerful process to
study the small-x structure of hadrons. At leading or-
der in perturbative QCD, the diffractive cross section is
proportional to the square of the gluon density, making
it very sensitive to small-x gluons. In addition, exclu-
sive vector meson production is sensitive to the geometric
structure of the hadron. In particular, in coherent diffrac-
tion (where the target hadron remains in the same quan-
tum state) an average density profile is probed. On the
other hand, when the target breaks up, one is sensitive to
the event-by-event fluctuations of the gluon fields in the
target [13–18]. In recent phenomenological applications
it has been demonstrated that one can indeed constrain
the shape and the shape fluctuations of the proton (not
included in previous literature) and nuclei at small x by
studying exclusive vector meson production [19–21] (see
also [22–25]). For a more formal introduction of diffrac-
tive scattering, the reader is referred to Ref. [26].
We calculate coherent and incoherent diffractive J/Ψ
production in ultraperipheral heavy ion collisions in the
dipole picture. The main focus of this work is to study
how the diffractive cross sections are affected by inclu-
sion of the subnucleon scale fluctuations that have been
constrained using diffractive J/Ψ production at HERA
in Refs. [20, 32]. Apart from the inclusion of these
fluctuations, we improve over previous state-of-the art
CGC work [27] (see also [28–31]) by using a Monte Carlo
method to explicitly calculate target averages. This al-
lows us to use the impact parameter dependent satu-
ration model (IPsat) dipole amplitude [33] without fac-
torization of the impact parameter dependence (an ap-
proximation which was necessary to derive the incoherent
cross section in Ref. [18]). We also use an updated IPsat
parametrization fitted to the combined HERA data [34].
II. DIPOLE SCATTERING
The basic ingredient in the dipole framework is
the forward elastic dipole-target scattering amplitude
N(r,b, xP), where r is the two dimensional vector that
connects the quark and antiquark of the dipole in the
transverse plane, b is the impact parameter and xP is
the usual Bjorken variable of DIS in a diffractive event.
In this work we use the IPsat model [33], which employs
an eikonalized DGLAP evolved [35] gluon distribution xg
and includes saturation effects. The dipole-proton scat-
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2tering amplitude is written as
N(r,b, x) = 1− exp
(
− pi
2
2Nc
αs(µ
2)xg(x, µ2)r2Tp(b)
)
,
(1)
with the thickness function
Tp(b) =
1
2piBp
e−b
2/(2Bp). (2)
Here both the coupling αs and the gluon distribution
are evaluated at the scale µ2 = µ20 + 4/r
2. The proton
width Bp, initial scale µ
2
0 and the initial condition for
the DGLAP evolution of the gluon distribution xg are
parameters of the model. Their values are determined in
Ref. [34] by performing fits to HERA DIS data.
To include proton structure fluctuations we follow
Refs. [20, 32] and assume that the gluonic density of
the proton in the transverse plane is distributed around
three constituent quarks (hot spots)1. These hot spots
are assumed to be Gaussian. In practice we perform the
replacement of the impact parameter profile (2)
Tp(b)→
3∑
i=1
Tq(b−bq,i), with Tq(b) = 1
2piBq
e−b
2/(2Bq).
(3)
where bq,i are the locations of the hot spots. They are
sampled from a two dimensional Gaussian distribution
whose width is Bqc. The free parameters Bq and Bqc are
obtained in Ref. [32] by comparing with the HERA coher-
ent and incoherent diffractive J/Ψ production data at the
photon-proton center of mass energy W ∼ 75 GeV, cor-
responding to xP ∼ 10−3. The proton fluctuation param-
eters obtained are Bqc = 3.3 GeV
−2, Bq = 0.7 GeV−2
and are close to the values obtained in a similar analysis
in Ref. [21].
An additional source of fluctuations we include here
comes from fluctuations of the overall normalization of
the saturation scale, which we refer to in short as satura-
tion scale fluctuations. Following again Ref. [32], we al-
low the saturation scale of each of the constituent quarks
to fluctuate independently according to a log-normal dis-
tribution. The width of that distribution is obtained in
Refs. [36, 37] by comparing to the p+pmultiplicity fluctu-
ation data. The saturation scale fluctuations were shown
in Ref. [32] to be necessary to describe the incoherent
diffractive cross section measured by HERA at small |t|.
For a more detailed description of the implementation
see Ref. [32].
The replacement (3) changes the impact parameter de-
pendence of the average dipole amplitude (1) even though
1 As shown in Ref. [32], it is also possible to describe the HERA
data using a different number of hot spots, or tubes instead of
round hot spots. Consequently, we do not expect our results to
depend on the exact choice of model for the proton geometry, as
long as it has the correct amount of fluctuations constrained by
the HERA data.
we require 〈∑i Tq(b − bi)〉 = Tp(b). Here, the average
is taken over different nucleon configurations. This is
because the thickness function appears in the exponen-
tial. As a result, the description of the proton structure
function data would not be as good as with the original
fit [34]. Also, as shown in Ref. [32], this parametrization
tends to slightly underestimate the coherent γp cross sec-
tion measured at HERA. In principle one should perform
a new fit to the HERA structure function data with the
modified IPsat model parametrization. As the purpose
of this work is to study the effect of the subnucleon scale
fluctuations on ultraperipheral heavy ion collisions this
fitting is left for future work.2
The dipole-nucleus amplitude NA is obtained by us-
ing an independent scattering approximation, similar to
Refs. [18, 33]
NA(r,b, x) = 1−
A∏
i=1
[
1−N(r,b− bi, x)
]
, (4)
where bi are the transverse positions of the nucleons in
the nucleus. The interpretation here is that 1−N is the
probability not to scatter off an individual nucleon, thus∏
i(1−Ni) is the probability not to scatter off the entire
nucleus.
III. DIFFRACTIVE DEEP INELASTIC
SCATTERING
The scattering amplitude for diffractive vector meson
production in γ∗-nucleus scattering can be written as [38]
Aγ∗A→V AT,L (xP, Q2,∆) = 2i
∫
d2r
∫
d2b
∫
dz
4pi
× (Ψ∗ΨV )T,L(Q2, r, z)
× e−i[b−(1−z)r]·∆NA(r,b, xP). (5)
Here the momentum transfer is ∆ = (P ′ − P )⊥ ≈
√−t,
where P and P ′ are the momenta of the incoming and
outgoing nucleus, respectively. The subscripts T and L
refer to the transverse and longitudinal polarization of
the virtual photon with virtuality Q2. In ultraperipheral
events, the photons are approximately real (Q2 = 0) and
only the transverse component contributes.
The scattering amplitude (5) can be interpreted as fol-
lows: first, the incoming virtual photon fluctuates into a
quark-antiquark dipole with transverse separation |r|, the
quark carrying the momentum fraction z. This splitting
is described by the virtual photon wave function Ψ (see
2 There is also a large model uncertainty from the modeling of the
vector meson wave function that will affect the overall normal-
ization of the diffractive cross sections. We will return to this
issue below and show that the ratio of incoherent to coherent
cross sections is largely independent of the wave function.
3e.g. [39]). As discussed previously, the elastic scatter-
ing amplitude for the dipole to scatter off the nucleus is
NA(r,b, xP). Finally, the vector meson V is formed, and
the qq¯ → V formation is described by the vector meson
wave function ΨV . In this work we use both the Boosted
Gaussian and Gaus-LC wave function parametrizations
from Ref. [38] in order to estimate the model uncertainty
related to the formation of the J/Ψ (see also Ref. [40] for
a recent more rigorous calculation of the vector meson
wave functions).
Two phenomenological corrections to the diffractive
cross sections are included. First, equation (5) is derived
assuming that the dipole amplitude is completely real,
which makes the diffractive scattering amplitude purely
imaginary (in case of a rotationally symmetric dipole am-
plitude). A correction for the presence of the real part
is necessary. Secondly, the skewedness correction that
takes into account the fact that in two-gluon exchange
processes the gluons in the target are probed at different
values of Bjorken-x is also included. These corrections
are discussed in more detail in Appendix A.
The coherent diffractive cross section is obtained by
averaging the diffractive scattering amplitude over the
target configurations and taking the square [13, 38]:
dσγ
∗A→V A
dt
=
1
16pi
∣∣∣〈Aγ∗A→V A(xP, Q2,∆)〉∣∣∣2 . (6)
Here the brackets 〈〉 refer to averages over different con-
figurations of the target. The incoherent cross section is
obtained by subtracting the coherent cross section from
the total diffractive cross section. It takes the form of a
variance of the diffractive scattering amplitude [13] (see
also Refs. [14, 15, 17, 18]):
dσγ
∗A→V A∗
dt
=
1
16pi
(〈∣∣∣Aγ∗A→V A(xP, Q2,∆)∣∣∣2〉
−
∣∣∣〈Aγ∗A→V A(xP, Q2,∆)〉∣∣∣2) .
(7)
The cross sections are related to Fourier transforms
of the dipole-nucleus amplitude from coordinate space to
momentum space, and the transverse momentum transfer
∆ is the Fourier conjugate to b− (1− z)r. Here the im-
pact parameter b points to the center of the dipole from
the center of the nucleus, and the factor (1− z)r appears
due to the use of non-forward wave functions [38, 41].
The dependence on b shows that diffractive vector me-
son production is sensitive to the impact parameter pro-
file, in contrast to calculations of proton structure func-
tions where the impact parameter integral merely affects
the overall normalization. This makes diffractive scat-
tering a sensitive probe of the internal geometric struc-
ture of hadrons and nuclei. In particular, larger momen-
tum transfers probe smaller distance scales, which we will
show explicitly later. Because the incoherent cross sec-
tion (7) has the form of a variance, it is sensitive to the
amount of fluctuations in coordinate space.
In Ref. [18] the incoherent cross section was calculated
analytically assuming that the impact parameter depen-
dence of the dipole amplitude factorizes, and is explic-
itly proportional to e−b
2/(2Bp). In that case, the dipole
amplitude does not saturate to unity at large dipoles
or at large densities. As we calculate the target aver-
ages explicitly using a Monte Carlo method (similar to
SARTRE [19]), we do not need to rely on this approx-
imation. We note that for the J/Ψ production at the
LHC, usage of the factorized approximation for the dipole
amplitude reduces the coherent cross section by approx-
imately 15% when no subnucleonic fluctuations are in-
cluded.
The averages over target configurations are calculated
by sampling hundreds configurations. This involves sam-
pling nucleon positions from a Woods-Saxon distribution
and the subnucleonic structure for each of the nucleons
as described above.
The structure of the target is probed at the scale
xP =
Q2 +M2V − t
Q2 +W 2 −m2N
, (8)
which can be interpreted as the longitudinal momen-
tum fraction of the nucleon carried by the color-neutral
“pomeron”. Here W is the center-of-mass energy in the
photon-nucleon scattering and mN and MV are the nu-
cleon and the vector meson masses, respectively.
IV. EXCLUSIVE VECTOR MESON
PRODUCTION IN ULTRAPERIPHERAL
COLLISIONS
Following Ref. [42], we write the vector meson produc-
tion cross section in ultraperipheral heavy ion collisions
as a convolution of photon flux generated by one of the
nuclei nAi and the photon-nucleus cross section σγAi :
dσAA→J/ΨAA
′
dt
= nA2(ω2)σ
γA1(y) + nA1(ω1)σ
γA2(−y).
(9)
Here y is the rapidity of the vector meson, and the to-
tal photon flux nAi(ω) is obtained by integrating the
photon flux of the nucleus over the impact parameter
in the region |b| > 2RA. For an explicit expression,
the reader is referred to Ref. [42]. The photon flux can
be calculated by noticing that the photon energies are
ω1 = (MV /2)e
y and ω2 = (MV /2)e
−y. The center of
mass energy squared of the photon-nucleon system is
W 2 =
√
sNNMV e
±y, and the Bjorken-x probed in the
process becomes xP ≈ (MV /√sNN )e∓y.
Note that there are two different contributions to the
vector meson production at y 6= 0. Either a large-x pho-
ton scatters off a small-x gluon, or vice versa. This limits
the applicability of the framework at forward and back-
ward rapidities, where a significant contribution to the
cross section comes from a process where the center-of-
mass energy of the photon-nucleon scattering is small.
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FIG. 1: Coherent (thick) and incoherent (thin lines) diffrac-
tive J/Ψ production cross section as a function of t, with (solid
lines) and without (dashed lines) subnucleonic fluctuations.
The band shows statistical uncertainty of the calculation.
Thus we shall only calculate the cross section in the re-
gion where xP . 0.015. At
√
sNN = 2.76 TeV this cor-
responds to |y| . 2.5, at √sNN = 5.02 TeV to |y| . 3 in
the case of J/Ψ production.
V. RESULTS
The coherent and incoherent J/Ψ production cross sec-
tions in ultraperipheral Pb+Pb collisions at
√
sNN =
5.02 TeV calculated using the Boosted Gaussian wave
function are shown in Fig. 1. The cross sections at
y = 0 are first calculated without subnucleonic fluctu-
ations, and then including both the geometric and Qs
normalization fluctuations for the nucleons. Only the
three first coherent peaks are shown, as calculating the
average becomes numerically challenging at high |t| [19].
Further, it will be hard to measure the coherent cross
section in this regime.
We find that the coherent cross section is slightly re-
duced when the subnucleon scale fluctuations are in-
cluded. This change is caused by the modification of the
impact parameter dependence of the dipole amplitude
discussed in Sec. II.
Below |t| . 0.25 GeV2, where one is sensitive only to
fluctuations on length scales larger than the nucleon size,
the incoherent cross section is approximately the same
with and without nucleon structure fluctuations. On the
other hand, at larger |t| subnucleonic fluctuations clearly
modify the slope of the incoherent cross section. The |t|
value 0.25 GeV2, where the incoherent cross section be-
comes sensitive to subnucleonic fluctuations, corresponds
to a distance scale ∼ 0.4 fm, which is of the order of the
sizes of the gluonic hot spots in the nucleon (their root
mean square radius is
√
2Bq ≈ 0.24 fm). Preliminary
ALICE data on exclusive J/Ψ production [43] show that
the change in slope occurs around
√−t ≈ pT ∼ 0.5 GeV,
which is in quantitative agreement with our results.
Next, we compare our results with the total (t inte-
grated) J/Ψ production cross sections measured by AL-
ICE [8, 9] and CMS [10] at
√
sNN = 2.76 TeV as a
function of the J/Ψ rapidity. The results for coherent
and incoherent diffraction are shown in Figs. 2 and 3, re-
spectively. We show results obtained by using both the
Boosted Gaussian and Gaus-LC wave functions for the
J/Ψ. Similarly to previous literature [27], we find that
the different wave functions mainly affect the overall nor-
malization of the cross section.
In Fig. 2 we see that the coherent cross section is
somewhat reduced when subnucleonic fluctuations are
included. This change is comparable to the model un-
certainties related to the J/Ψ wave function. In particu-
lar, we find that replacing the Boosted Gaussian by the
Gaus-LC parametrization, both the coherent and inco-
herent (shown in Fig. 3) cross sections are reduced by
approximately 20%.
Using the Boosted Gaussian wave function, without
subnucleon scale fluctuations, the coherent cross section
is significantly overestimated, as in Ref. [27], and the
incoherent cross section agrees with the data. Includ-
ing geometric fluctuations increases the incoherent cross
section almost by a factor of 2, and the results are con-
sistently above the data for both processes. The rapidity
dependence of the data is well reproduced. Results with
subnucleon scale fluctuations obtained with the Gaus-LC
wave function are close to the experimental data for the
coherent cross section and slightly higher for the incoher-
ent cross section. At midrapidity, the ALICE coherent
cross section datapoint is overestimated by 1.3σ and the
incoherent cross section by 2σ. We note that there is
tension between the HERA e + p data where the coher-
ent cross section is underestimated by our model with
subnucleonic fluctuations [32].
To reduce model uncertainties related to the vector
meson wave function we study the ratio of incoherent to
coherent cross section. Our results are compared to the
ALICE data [8] at
√
sNN = 2.76 TeV in Fig. 4. It can
be seen that inclusion of the subnucleonic fluctuations
brings this ratio to a level compatible with the exper-
imental data. The ratio is found to be approximately
independent of rapidity and we confirm that the depen-
dence on the vector meson wave function is very weak.
Predictions for the J/Ψ rapidity distribution in ultra-
peripheral Pb+Pb collisions at
√
sNN = 5.02 TeV are
shown in Figs. 5 and 6. As for the lower energy, we find
that the subnucleon scale geometric fluctuations have a
large effect on the incoherent cross section. The ratio of
the cross sections for the two processes for
√
sNN = 5.02
TeV decreases due to larger saturation effects on the in-
coherent cross section [18]. Numerically this effect is
small in the LHC energy range, and we find that at√
sNN = 5.02 TeV the ratio decreases by 0.5 . . . 3%.
Finally, in Fig. 7 we show |t|-spectra for J/Ψ pro-
5−3 −2 −1 0 1 2 3
y
0
1
2
3
4
5
6
d
σ
/d
y
[m
b
]
Geometric and Qs fluctuations in nucleons, Boosted Gaussian
Geometric and Qs fluctuations in nucleons, Gaus-LC
Non-fluctuating nucleons, Boosted Gaussian
Non-fluctuating nucleons, Gaus-LC
ALICE
CMS
Pb + Pb→ J/Ψ + Pb + Pb (coherent),√sNN = 2760 GeV
FIG. 2: Coherent J/Ψ production cross section as a function
of J/Ψ rapidity with and without geometric fluctuations of
the nucleon. Results are compared with the ALICE [8, 9] and
CMS [10] data.
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FIG. 3: Incoherent J/Ψ production cross section as a func-
tion of J/Ψ rapidity with and without geometric fluctuations
of the nucleon. Experimental data from the ALICE collabo-
ration [8].
duction at midrapidity in ultraperipheral
√
sNN = 200
GeV Au+Au collisions at RHIC, corresponding to W =
25 GeV. This corresponds to xP = 0.015, which is at
the edge of the validity of our model. Especially the
skewedness and real part corrections together are almost
100%, which makes the absolute normalization unreliable
(see Appendix A and Fig. 8). The spectra are calculated
using the Boosted Gaussian wave function. Integrating
the cross sections over t, we get 106 µb for the coherent
and 62 µb for the incoherent cross section with subnu-
cleon fluctuations (with Gaus-LC wave function the cross
sections are 100 µb and 52 µb). The corresponding cross
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FIG. 4: Ratio of incoherent and coherent cross sections for
the J/Ψ production as a function of J/Ψ rapidity with and
without geometric fluctuations of the nucleon. Experimental
data from the ALICE collaboration [8].
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FIG. 5: Coherent J/Ψ production cross section as a function
of J/Ψ rapidity with and without geometric fluctuations of
the nucleon.
section results without fluctuations are 121 µb and 33 µb
(118 µb and 30 µb with Gaus-LC wave function). The
results for the coherent cross section are in agreement
with the PHENIX [44] result 76± 33± 11 µb.
The Bjorken-x evolution in this work comes directly
from the Qs evolution in the IPsat model. Thus, the
amount of fluctuations and the size of the hot spots do
not change as a function of x or center-of-mass energy. In
principle the characteristic length scales (∼ Q−1s (x)) de-
pend on the energy and recent explicit calculations show
that protons grow and fluctuations are reduced when
Bjorken-x is decreased [21, 45]. If that is the case, we
would expect the incoherent cross section to grow more
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FIG. 6: Coherent J/Ψ production cross section as a function
of J/Ψ rapidity with and without geometric fluctuations of
the nucleon.
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
|t| [GeV2]
10−3
10−2
10−1
100
101
d
σ
/d
td
y
[m
b
/G
eV
2
]
Geometric and Qs fluctuations in the nucleons
No subnucleon fluctuations
Au + Au→ J/Ψ + Au + Au,√sNN = 200 GeV, y = 0
FIG. 7: Coherent (thick) and incoherent (thin lines) diffrac-
tive cross section for J/Ψ production at midrapidity in ultra-
peripheral Au+Au collisions at
√
sNN = 200 GeV.
slowly with energy than in our calculation.
VI. CONCLUSIONS
We have shown that the subnucleon scale fluctuations,
in particular geometric fluctuations of the nucleon shape,
contribute significantly to the incoherent J/Ψ production
cross section at |t| & 0.25 GeV2, measured in ultrape-
ripheral heavy ion collisions at the LHC and RHIC. This
is the first main result of this work: we expect to see
the incoherent t slope of the J/Ψ production cross sec-
tion to change at the value of t corresponding to the dis-
tance scale of the subnucleonic fluctuations. Compared
to the case where the only contribution to the fluctu-
ations originates from fluctuating nucleon positions, the
|t| integrated incoherent cross section increases almost by
a factor of 2 when geometric fluctuations of the nucleon
shape are included.
When comparing to experimental data, the cleanest
presented result is the ratio of the incoherent and co-
herent cross sections, which eliminates a large part of
the model uncertainties. It increases by a factor of two
when subnucleonic fluctuations are included. This is the
second main result of this work, and explains previous
tension between the employed dipole model and exper-
imental data in Ref. [27], where one generally overesti-
mated the coherent and underestimated the incoherent
cross section.
In this work the energy evolution only affects the sat-
uration scale of the nucleons. Our framework does not
involve any possible smoothening of the nucleon or nu-
cleus as one evolves towards small-x, discussed e.g. in
Refs. [21, 45]. As shown in [21], one could expect that
the smoothening of the proton slows down the growth of
the incoherent cross section with energy. Including these
effects in our calculation explicitly by solving JIMWLK
evolution equations [46–49] as done in e.g. [50], is left for
future work.
Acknowledgments
We thank T. Lappi, D. Takaki and R. Venugopalan for
discussions. This work was supported under DOE Con-
tract No. DE-SC0012704. This research used resources
of the National Energy Research Scientific Computing
Center, which is supported by the Office of Science of
the U.S. Department of Energy under Contract No. DE-
AC02-05CH11231. BPS acknowledges a DOE Office of
Science Early Career Award.
Appendix A: Phenomenological corrections
The diffractive scattering amplitude Eq. (5) is obtained
by assuming that the dipole amplitude is completely real,
which leads to a fully imaginary diffractive scattering am-
plitude before the Fourier transform to momentum space.
The ratio between the real and the imaginary part of the
amplitude, β, can be calculated as (see e.g. [38])
β = tan
piλ
2
, (A1)
where
λ =
d lnAγ∗A→V A
d ln 1/xP
. (A2)
In this work, we follow the prescription of Ref. [18] and
calculate the effect of the corrections from photon-proton
scattering, assuming that the correction has the same
7effect in photon-nucleus scattering. This correction is
taken into account by multiplying the obtained cross sec-
tions by a factor 1 + β2.
The second phenomenological correction we include
the skewedness correction, which takes into account the
fact that in the two-gluon exchange the gluons in the
target are probed at different longitudinal momentum
fractions x1  x2 ≈ xP [51–53].
In the IPsat model the collinear factorization gluon
distribution xPg(xP, µ2) is corrected to correspond to the
off-diagonal (or skewed) distribution, which depends on
both x1 and x2, by multiplying it by a skewedness factor
Rg. Following the prescription of Ref. [38] we get
Rg = 2
2λg+3
Γ(λg + 5/2)√
pi Γ(λg + 4)
(A3)
with
λg =
d lnxPg(xP, µ2)
d ln 1/xP
. (A4)
For photon-nucleus scattering the skewedness correction
is approximated by calculating its effect on the photon-
proton scattering, and using the obtained correction fac-
tor.
Especially the skewedness correction is numerically im-
portant and needed to describe the HERA diffractive
measurements. The effect of real part and skewedness
corrections on the total coherent diffractive cross sec-
tion is shown in Fig. 8. When corrections are calculated,
no proton fluctuations are taken into account. The cor-
rection grows rapidly towards small rapidities (small y).
Note that when J/Ψ production is calculated at nonzero
rapidity, there are always large-x contributions (corre-
sponding to negative y) and small-x contributions (posi-
tive y) to the cross section, see Eq. (9).
[1] H1 and ZEUS collaboration, F. Aaron et. al.,
Combined Measurement and QCD Analysis of the
Inclusive e±p Scattering Cross Sections at HERA,
JHEP 1001 (2010) 109 [arXiv:0911.0884 [hep-ex]].
[2] H1 and ZEUS collaboration, H. Abramowicz et. al.,
Combination of measurements of inclusive deep inelastic
e±p scattering cross sections and QCD analysis of
HERA data, Eur. Phys. J. C75 (2015) 580
[arXiv:1506.06042 [hep-ex]].
[3] E. Iancu and R. Venugopalan, The Color Glass
Condensate and high-energy scattering in QCD,
arXiv:hep-ph/0303204 [hep-ph].
[4] F. Gelis, E. Iancu, J. Jalilian-Marian and
R. Venugopalan, The Color Glass Condensate, Ann.
Rev. Nucl. Part. Sci. 60 (2010) 463 [arXiv:1002.0333
[hep-ph]].
[5] D. Boer, M. Diehl, R. Milner, R. Venugopalan,
W. Vogelsang et. al., Gluons and the quark sea at high
energies: Distributions, polarization, tomography,
arXiv:1108.1713 [nucl-th].
[6] A. Accardi et. al., Electron Ion Collider: The Next
QCD Frontier - Understanding the glue that binds us
all, Eur. Phys. J. A52 (2016) 268 [arXiv:1212.1701
[nucl-ex]].
[7] LHeC Study Group collaboration,
J. Abelleira Fernandez et. al., A Large Hadron Electron
Collider at CERN: Report on the Physics and Design
Concepts for Machine and Detector, J. Phys. G39
(2012) 075001 [arXiv:1206.2913 [physics.acc-ph]].
[8] ALICE collaboration, E. Abbas et. al., Charmonium
and e+e− pair photoproduction at mid-rapidity in
ultra-peripheral Pb-Pb collisions at
√
sNN = 2.76 TeV,
Eur. Phys. J. C73 (2013) 2617 [arXiv:1305.1467
[nucl-ex]].
[9] ALICE collaboration, B. Abelev et. al., Coherent J/ψ
photoproduction in ultra-peripheral Pb-Pb collisions at√
sNN = 2.76 TeV, Phys. Lett. B718 (2013) 1273
[arXiv:1209.3715 [nucl-ex]].
−3 −2 −1 0 1 2 3 4
y(
√
sNN = 2.76 TeV)
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
C
or
re
ct
io
n
Total
Real part
Skewedness
−3 −2 −1 0 1 2 3
y(
√
sNN = 5.02 TeV)
FIG. 8: Effect of the real part and skewedness correction as
a function of rapidity y in ultraperipheral collisions at two
different center-of-mass energies. Negative rapidities refer to
large-x in the nucleus contribution, and positive values for the
small-x contribution.
[10] CMS collaboration, C. Collaboration, Photoproduction
of the coherent J/ψ accompanied by the forward neutron
emission in ultra-peripheral PbPb collisions at
2.76 TeV, .
[11] ALICE collaboration, B. B. Abelev et. al., Exclusive
J/ψ photoproduction off protons in ultra-peripheral p-Pb
collisions at
√
sNN = 5.02 TeV, Phys. Rev. Lett. 113
(2014) 232504 [arXiv:1406.7819 [nucl-ex]].
[12] CMS collaboration, C. Collaboration, Measurement of
exclusive Υ photoproduction in pPb collisions at√
sNN = 5.02 TeV, . CMS-PAS-FSQ-13-009.
8[13] H. I. Miettinen and J. Pumplin, Diffraction Scattering
and the Parton Structure of Hadrons, Phys. Rev. D18
(1978) 1696.
[14] L. Frankfurt, G. A. Miller and M. Strikman, Evidence
for color fluctuations in hadrons from coherent nuclear
diffraction, Phys. Rev. Lett. 71 (1993) 2859
[arXiv:hep-ph/9309285 [hep-ph]].
[15] L. Frankfurt, M. Strikman, D. Treleani and C. Weiss,
Evidence for color fluctuations in the nucleon in
high-energy scattering, Phys. Rev. Lett. 101 (2008)
202003 [arXiv:0808.0182 [hep-ph]].
[16] H. Kowalski, T. Lappi, C. Marquet and
R. Venugopalan, Nuclear enhancement and suppression
of diffractive structure functions at high energies, Phys.
Rev. C78 (2008) 045201 [arXiv:0805.4071 [hep-ph]].
[17] A. Caldwell and H. Kowalski, Investigating the gluonic
structure of nuclei via J/Ψ scattering, Phys. Rev. C81
(2010) 025203 [arXiv:0909.1254].
[18] T. Lappi and H. Ma¨ntysaari, Incoherent diffractive
J/Ψ-production in high energy nuclear DIS, Phys. Rev.
C83 (2011) 065202 [arXiv:1011.1988 [hep-ph]].
[19] T. Toll and T. Ullrich, Exclusive diffractive processes in
electron-ion collisions, Phys. Rev. C87 (2013) 024913
[arXiv:1211.3048 [hep-ph]].
[20] H. Ma¨ntysaari and B. Schenke, Evidence of strong
proton shape fluctuations from incoherent diffraction,
Phys. Rev. Lett. 117 (2016) 052301 [arXiv:1603.04349
[hep-ph]].
[21] J. Cepila, J. G. Contreras and J. D. Tapia Takaki,
Energy dependence of dissociative J/ψ photoproduction
as a signature of gluon saturation at the LHC, Phys.
Lett. B766 (2017) 186 [arXiv:1608.07559 [hep-ph]].
[22] M. Alvioli, B. A. Cole, L. Frankfurt, D. V. Perepelitsa
and M. Strikman, Evidence for x-dependent proton
color fluctuations in pA collisions at the CERN Large
Hadron Collider, Phys. Rev. C93 (2016) 011902
[arXiv:1409.7381 [hep-ph]].
[23] J. L. Albacete and A. Soto-Ontoso, Hot spots and the
hollowness of proton-proton interactions at high
energies, arXiv:1605.09176 [hep-ph].
[24] K. Welsh, J. Singer and U. W. Heinz, Initial state
fluctuations in collisions between light and heavy ions,
Phys. Rev. C94 (2016) no. 2 024919 [arXiv:1605.09418
[nucl-th]].
[25] J. T. Mitchell, D. V. Perepelitsa, M. J. Tannenbaum
and P. W. Stankus, Tests of constituent-quark
generation methods which maintain both the nucleon
center of mass and the desired radial distribution in
Monte Carlo Glauber models, Phys. Rev. C93 (2016)
054910 [arXiv:1603.08836 [nucl-ex]].
[26] M. L. Good and W. D. Walker, Diffraction disssociation
of beam particles, Phys. Rev. 120 (1960) 1857.
[27] T. Lappi and H. Ma¨ntysaari, J/Ψ production in
ultraperipheral Pb+Pb and p+Pb collisions at LHC
energies, Phys. Rev. C87 (2013) 032201
[arXiv:1301.4095 [hep-ph]].
[28] Y. V. Kovchegov and E. Levin, Diffractive dissociation
including multiple pomeron exchanges in high parton
density QCD, Nucl. Phys. B577 (2000) 221
[arXiv:hep-ph/9911523 [hep-ph]].
[29] M. Kuroda and D. Schildknecht, J/Ψ photo- and
electroproduction, the saturation scale and the gluon
structure function, Phys. Lett. B638 (2006) 473
[arXiv:hep-ph/0507098 [hep-ph]].
[30] V. P. Goncalves and M. V. T. Machado, The QCD
pomeron in ultraperipheral heavy ion collisions. IV.
Photonuclear production of vector mesons, Eur. Phys.
J. C40 (2005) 519 [arXiv:hep-ph/0501099 [hep-ph]].
[31] T. Lappi, H. Ma¨ntysaari and R. Venugopalan, Ballistic
protons in incoherent exclusive vector meson production
as a measure of rare parton fluctuations at an
Electron-Ion Collider, Phys. Rev. Lett. 114 (2015)
082301 [arXiv:1411.0887 [hep-ph]].
[32] H. Ma¨ntysaari and B. Schenke, Revealing proton shape
fluctuations with incoherent diffraction at high energy,
Phys. Rev. D94 (2016) no. 3 034042
[arXiv:1607.01711 [hep-ph]].
[33] H. Kowalski and D. Teaney, An Impact parameter dipole
saturation model, Phys. Rev. D68 (2003) 114005
[arXiv:hep-ph/0304189 [hep-ph]].
[34] A. H. Rezaeian, M. Siddikov, M. Van de Klundert and
R. Venugopalan, Analysis of combined HERA data in
the Impact-Parameter dependent Saturation model,
Phys. Rev. D87 (2013) 034002 [arXiv:1212.2974].
[35] J. Bartels, K. J. Golec-Biernat and H. Kowalski, A
modification of the saturation model: DGLAP evolution,
Phys. Rev. D66 (2002) 014001 [arXiv:hep-ph/0203258
[hep-ph]].
[36] L. McLerran and P. Tribedy, Intrinsic Fluctuations of
the Proton Saturation Momentum Scale in High
Multiplicity p+p Collisions, Nucl. Phys. A945 (2016)
216 [arXiv:1508.03292 [hep-ph]].
[37] A. Bzdak and K. Dusling, Probing proton fluctuations
with asymmetric rapidity correlations, Phys. Rev. C93
(2016) no. 3 031901 [arXiv:1511.03620 [hep-ph]].
[38] H. Kowalski, L. Motyka and G. Watt, Exclusive
diffractive processes at HERA within the dipole picture,
Phys. Rev. D74 (2006) 074016
[arXiv:hep-ph/0606272].
[39] Y. V. Kovchegov and E. Levin, Quantum
chromodynamics at high energy. Cambridge University
Press, 2012.
[40] G. Chen, Y. Li, P. Maris, K. Tuchin and J. P. Vary,
Diffractive charmonium spectrum in high energy
collisions in the basis light-front quantization approach,
arXiv:1610.04945 [nucl-th].
[41] J. Bartels, K. J. Golec-Biernat and K. Peters, On the
dipole picture in the nonforward direction, Acta Phys.
Polon. B34 (2003) 3051 [arXiv:hep-ph/0301192
[hep-ph]].
[42] C. A. Bertulani, S. R. Klein and J. Nystrand, Physics of
ultra-peripheral nuclear collisions, Ann. Rev. Nucl.
Part. Sci. 55 (2005) 271 [arXiv:nucl-ex/0502005
[nucl-ex]].
[43] E. Kryshen. Presented at the Quark Matter 2017
conference. https://indico.cern.ch/event/433345/
contributions/2358412/attachments/1408128/
2152521/2017-02-07-kryshen-qm.pdf.
[44] PHENIX collaboration, S. Afanasiev et. al.,
Photoproduction of J/Ψ and of high mass e+e− in
ultra-peripheral Au+Au collisions at
√
s = 200 GeV,
Phys. Lett. B679 (2009) 321 [arXiv:0903.2041
[nucl-ex]].
[45] S. Schlichting and B. Schenke, The shape of the proton
at high energies, Phys. Lett. B739 (2014) 313
[arXiv:1407.8458 [hep-ph]].
[46] J. Jalilian-Marian, A. Kovner, L. D. McLerran and
H. Weigert, The Intrinsic glue distribution at very small
9x, Phys. Rev. D55 (1997) 5414 [arXiv:hep-ph/9606337
[hep-ph]].
[47] J. Jalilian-Marian, A. Kovner, A. Leonidov and
H. Weigert, The BFKL equation from the Wilson
renormalization group, Nucl. Phys. B504 (1997) 415
[arXiv:hep-ph/9701284 [hep-ph]].
[48] J. Jalilian-Marian, A. Kovner, A. Leonidov and
H. Weigert, The Wilson renormalization group for low x
physics: Towards the high density regime, Phys. Rev.
D59 (1998) 014014 [arXiv:hep-ph/9706377 [hep-ph]].
[49] E. Iancu and L. D. McLerran, Saturation and
universality in QCD at small x, Phys. Lett. B510
(2001) 145 [arXiv:hep-ph/0103032 [hep-ph]].
[50] B. Schenke and S. Schlichting, 3D glasma initial state
for relativistic heavy ion collisions, Phys. Rev. C94
(2016) no. 4 044907 [arXiv:1605.07158 [hep-ph]].
[51] A. D. Martin and M. G. Ryskin, The effect of off
diagonal parton distributions in diffractive vector meson
electroproduction, Phys. Rev. D57 (1998) 6692
[arXiv:hep-ph/9711371 [hep-ph]].
[52] A. G. Shuvaev, K. J. Golec-Biernat, A. D. Martin and
M. G. Ryskin, Off-diagonal distributions fixed by
diagonal partons at small x and ξ, Phys. Rev. D60
(1999) 014015 [arXiv:hep-ph/9902410].
[53] A. D. Martin, M. Ryskin and T. Teubner, Q2
dependence of diffractive vector meson
electroproduction, Phys. Rev. D62 (2000) 014022
[arXiv:hep-ph/9912551 [hep-ph]].
